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(57) Abstract 



A drive circuit for a time sequential color LED based display device allows the overall brightness of a display device to be adjusted 
without affecting the color balance. The circuit includes a boost switching converter, which provides constant power to each of a plurality 
of different colored LEDs associated with a pixel, independent of the forward voltage across each LED. The boost switching converter 
receives a pulse width modulated drive signal for activating each LED, when enabled, during a frame. The on-time of the drive signal 
vanes during each frame according to which LED is to be activated at a particular point in time, to provide the appropriate power to the 
LED. The LEDs are enabled sequentially during a frame by separate enable signals. The cathode of each LED is connected to a positive 
power supply voltage when the LED is enabled. 
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Method and apparatus for Independent Control of Brightness 
AND Color balance in display and Illumination Systems 

FIELD OF the INVENTION 

The present invention pertains generally to display systems and 
illumination sources, such as emissive, reflective, or transmissive 
displays, which may use time-sequential color illumination. More 
particularly, the present invention relates to drive circuitry for display 
systems or illumination sources. 
BACKGROUND OF THE I NVENTION 

In display devices used in computer systems, television sets, 
instrument panels, and various other devices, the fundamental 
picture element is often referred to as a pixel. A display screen, or 
raster, generally comprises a large nvimber of pixels arranged 
adjacently in a rectangular matrix. In a color display device, each pixel 
generally has multiple components, or subpixels, each of which 
displays light of a particular fundamental color. In a red-green-blue 
(RGB) display system, for example, each pixel includes a red subpixel, a 
green subpixel, and a blue subpixel. For a given pixel, the 
combination of the intensities of the subpixels deternunes the overall 
color of the pixel perceived by the user. Depending on the type of 
display device, such as a color cathode ray tube (CRT) or liquid crystal 
display (LCD), both conrunonly used for computer monitors and 
television, the red, green, and blue subpixels are arranged spatially to 
form a pixel. The subpbcels may be produced using any of various 
technologies, such as color light-emitting diodes (LEDs), LCD 
elements, phosphors, incandescent lamps, nnirrors, etc. 

One approach to generating a color pixel is to simultaneously 
illuminate each of the color subpixels of the pixel at independentiy- 
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selected intensities. In contrast, in a time-sequential color based 
display or its illumination system, each pixel is illuminated 
sequentially in time, rather than simultaneously, during each frame. 
A frame is the time required to display an entire raster, or more 
specifically, the time between vertical synchronization pulses in a 
conventional display device. The subpixels are illuminated so rapidly 
and close together in time that a person perceives the color of the pixel 
as a blend of the light output. 

Certain problems are associated with prior art display devices 
and illumination systems. For example, in some LED display devices, 
a ballast resistor current source is used to power the LEDs. However, 
display devices which use ballast resistor current sources tend to use 
power inefficiently and require higher voltages. In addition, in ballast 
resistor current source drive circuits, the current through an LED 
varies nonlinearly with both power supply voltage variations and 
LED forward voltage variations. Consequently, the color balance will 
vary substantially with even small changes in power supply voltage. 
Further, it is difficult to adjust the brightness of a color element (i.e., a 
pixel or illumination source) without affecting: 1) the color balance of 
the display, pixel, or illumination source, and 2) the uniformity of the 
display itself. 

Refer now to Figure 1, which illustrates a well-known LED 
drive circuit of the prior art. Note that the component and parameter 
values shown are only for the purpose of illustration. As shown, the 
drive circuit includes a ballast resistor (Rl, R2, and R3) in series with 
each LED of a pixel between tiie LED (Dl, D2,and D3) and the supply 
voltage. In this circuit, \he current through each LED will vary with 
both power supply voltage and LED forward voltage variations. 
Becai:Ke different colored LEDs have different device characteristics 
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and different forward voltage requirements, the color balance will 
vary sigruficantly with a small change in the power supply voltage. 
Although color balance might be achieved by individually selecting 
ballast resistors for each LED during the manufacturing process, to do 
so would be impractical and costly. Alternatively, color balance might 
be achieved by using adjustable resistors to adjust the current through 
each LED. However, again, to do so would be impractical and costly. 
In addition, blue LEDs, in particular, tend to require a higher forward 
voltage to operate than red or green LEDs. With the circuit of Figure 
1, the blue LED will not operate if the supply voltage falls below 
approximately 4.5 volts. Moreover, the ballast resistors Rl, R2 and R3 
tend to dissipate excessive amovmts of power. 

Figure 2 illustrates another well-known LED drive circuit of the 
prior art. A reference voltage of approximately 1.2 volts, for example, 
is created using a resistor R4 and two diodes D7 and D8. The reference 
voltage is applied to the bases of three transistors Ql, Q2 and Q3 to 
create a constant current source by the voltage across the emitter 
resistor creating a current and the transistors' collector and emitter 
currents being equal. As with the circuit of Figure 1, color balance 
might be achieved by individually selecting emitter resistors (R5, R6, 
and R7) for each current source during the manufacturing process; 
however, as noted above, that is not a desirable solution. Similarly, 
while color balance might be achieved by using adjustable resistors to 
adjust the current through each LED, such a circuit would be difficult 
to use, impractical, and costly. The color balance and the overall 
brightness might alternatively be adjusted by using digital-to-analog 
converters to drive the base of each transistor in the current source. 
However, that approach would increase the cost of the associated 
control circuitry. Moreover, as with the circuit of Figure 1, it is 
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difficult or impossible to turn on the blue LED when the power supply 
falls below a certain level, i.e., approximately 5.3 volts in the circuit of 
Figure 2. Also, as with the circuit of Figure 1, a significant amount of 
power is wasted by dissipation in the resistors as well as in the 
transistors. 

Accordingly, what is needed is a color display or illumination 
source drive circuit that overcomes the above-noted disadvantages of 
the prior art. Specifically, what is needed is a drive circuit that 
efficiently drives a display color element (i.e., pixel or illumination 
source), such as an LED, using a system power supply that can tolerate 
a variation of supply voltage. Furthermore, it is preferred that color 
balance be maintained independent of variations in supply voltage or 
individual pixel or illumination source characteristics. What is 
further needed is a drive circuit that enables the overall brightness of a 
display, pixel, or illumination source and the brightness of individual 
pixels or color illumination sources to be adjusted independently, 
using easy-to-implement, power-efficient, and inexpensive 
components and techniques. 

SUMMARY OF THE INVENTION 

One aspect of the present invention is a method and apparatus 
for controlling the brightness of a pixel or illumination source of a 
display device independent of color balance. 

Another aspect of the present invention is a method and 
apparatus for operating a pixel or illumination such that its 
performance is relatively insensitive to variations in power supply or 
device characteristics. 

Another aspect of the present invention is a method and 
appacatus for operating a color display device that has at least one 
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pixel capable of displaying multiple colors sequentially during each of 
multiple frames. A drive signal is generated to activate the pixel 
during each of the frames. The on-time of the drive signal is varied 
within each of the frames according to which of the colors is being 
displayed. 

In various embodiments, such apparatus may include a boost 
switching converter or a flyback switching converter. Also, in various 
embodiments, these and other aspects of the present invention may be 
applied to emissive, transmissive, or reflective display systems. 

Other features of the present invention will be apparent from 
the accompanying drawings and from the detailed description which 
follows. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention is illustrated by way of example and not 
limitation in the figures of the accompanying drawings, in which like 
references indicate siiiular elements and in which: 

Figure 1 illustrates an LED drive circuit of the prior art. 

Figure 2 illustrates a second LED drive circuit of the prior art. 

Figure 3 illustrates an LED drive circuit which uses a switching 
converter responsive to a variable on-time drive signal to drive color 
LEDs, for a common anode embodiment. 

Figure 4 illustrates the circuit of Figure 3 in greater detail, 
according to an embodiment which uses a boost switching converter. 

Figure 5 is a timing diagram illustrating relationships between 
the red, green, and blue enable signals, the PWM drive signal, and the 
LED forward voltages, in the circuits of Figures 3 and 4. 
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Figiire 6 illustrates an LED drive circuit which uses a boost 
switching converter responsive to a variable on-time drive signal to 
drive color LEDs, for a common-cathode embodiment 

Figure 7 illustrates a flyback switching converter embodiment 
of a drive circuit for driving LEDs in a common-annode 
configuration. 

Figure 8 illustrates an embodiment of a drive circuit for an 
emissive temporal LED array display using a variable on-time drive 
signal. 

Figure 9 illustrates an embodiment of a drive circuit for an 
emissive LED spatial array. 

Figiues 10 illustrates a flyback configuration of a drive circuit 
for driving a DC HID lamp. 

Figures 11 illusttates a boost configuration of a drive circuit for 
driving a DC HID lamp. 

Figures 12 illustrates a flyback configuration of a drive circuit 
for driving an AC HID lamp. 

Figures 13 illustrates a boost configuration of a drive circuit for 
driving an AC HID lamp. 

Figure 14 illustrates a SEPIC switching converter configuration 
using current feedback for a regulated constant power embodiment, 
such as for applications which require brightness regulation. 

Figure 15 illustrates a SEPIC switching converter configuration 
using current feedback for a regulated constant current embodiment, 
such as for applications which require brightness regulation. 



DETAILE D DES CMFnON 

Drive circuits for driving color pixels or illumination sources 
using a variable on- time drive signal are described. Among other 
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advantages, the described drive circuits allow the overall brightness of 
the display system or illumination source to be adjusted without 
affecting the color balance. The circuits accomplish this goal while 
suppljdng constant power to each LED for a given supply voltage, 
independent of the forward voltage of the LED. 

The techniques described herein can be applied to transmissive, 
reflective, or emissive display systems. Although the embodiments 
described herein relate primarily to LED type display systems, the 
described techniques may also be applied to display devices based on 
other technologies, such as LCDs or display devices based on 
phosphors, incandescent lamps, mirrors, etc. 

Refer now to Figure 3, which illustrates one embodiment of a 
drive circuit for a color pixel or illumination source. Note that in this 
description, the terms "pixel" and "illumination source" are 
sometimes referred to disjunctively (as alternatives), as in the 
preceding sentence. However, in some embodiments of the present 
invention, a display pixel may incorporate the illumination source. 
Thus, the terms "pixel" and "illumination source" are not mutually 
exclusive in the context of the present invention, nor is any mutual 
exclusivity implied by use of the phrase "pixel or illumination source" 
or other sinular expression in this description. 

Figure 3 illustrates a "common-anode" embodiment of a drive 
circuit. An alternative embodiment is a "conunon cathode" 
configuration, an example of which is described below and shown in 
Figure 6. Referring to Figure 3, LEDs Dll, D12, and D13 are the red, 
green, and blue LEDs, respectively, associated with a given pixel or 
illumination source in a display system. Note that while the 
embodiment of Figure 3 and other embodiments in this description 
are based on the RGB color space, alternative embodiments may be 
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based on other color spaces and therefore use different fundamental 
colors for each pixel or illumination source. 

The drive circuit of Figure 3 includes a switching converter 1, a 
noise filter 2, a protection circuit 3, and an enable circuit 4. Enable 
circuit 4 is coupled to the cathodes of each of the red, green, and blue 
LEDs and is coupled to the supply voltage through the noise filter 2. 
In addition, enable circuit 4 receives separate red, green, and blue 
enable signals for enabling the red, green, and blue LEDs, respectively. 
Switching converter 1 is coupled to receive the supply voltage 
through the noise filter 2 and is further coupled to receive a pulse 
width modulated (PWM) drive signal. The output of the switching 
converter 1 is connected to the anodes of each of the red, green, and 
blue LEDs through protection circuit 3. 

Protection circuit 3 operates to prevent damage to the switching 
converter 1 due to a fault in the drive circuit, such as an open or short 
circuit in one of the LED paths. In a time-sequential color 
embodiment, the red, green, and blue enable signals are asserted 
during each frame to sequentially enable the red, green, and blue 
LEDs, respectively. Figure 5, which will be discussed further below, 
shows the timing relationships between the red, green, and blue 
enable signals for a given frame of duration T^. In response to one of 
the red, green, and blue enable signals being asserted, the enable circuit 
connects the cathode of the corresponding LED to the supply voltage 
through noise filter 2. 

Each of the red, green, and blue LEDs is enabled once per frame 
during a separate time interval. The switching converter 1 activates 
each LED, when enabled, in response to the PWM drive signal being 
activated. The PWM drive signal is a time-variant signal, when 
activated. The "on-time" (pulse width) and frequency of the PWM 
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drive signal can be varied within each frame to control the light 
output of each of the red, green, and blue LEDs. Specifically, the on- 
time of the PWM drive signal can be varied v^ithin each frame to 
independently select the brightness of each LED, and hence, the color 
balance of the pixel or illunnination source; the frequency of the drive 
signal can be selected to adjust the overall brightness of the pixel or 
illumination source. 

Note that the details of the circuitry which generates the PWM 
drive signal and the red, green, and blue enable signals are not 
necessciry for an understanding of the present invention and are 
therefore not described herein. Essentially, any circuitry which 
provides these signals in accordance vnth this description may be 
used. 

Figure 4 illustrates the drive circuit of Figure 3 in greater detail, 
according to an embodiment in which the switching converter 1 is a 
boost switching converter. Resistor R8 and capacitor C2 form noise 
filter 2. Resistor R8 and capacitor C2 are connected to each other in 
series between the positive power supply voltage and the power 
supply ground. Enable circmt 4 includes three n-channd Metal-Oxide- 
Semiconductor Field Effect Transistors (MOSFETs) Q5, Q6 and Q7, 
with their drains connected to the cathodes of the red, green, and blue 
LEDs, Dll, D12, and D13, respectively. The sources of transistors Q5, 
Q6 and Q7 are coupled together and to the power supply through 
resistor R8. The gates of transistors Q5, Q6 and Q7 are coupled to the 
red, green, and blue enable signals, respectively. 

The boost switching converter 1 includes resistor RIO, n- 
channel MOSFET Q4, inductor LI, capacitor CI, and Schottky diode 
DIO. The gate of transistor Q4 is coupled to receive the PWM drive 
signal through resistor RIO. The source of transistor Q4 is coupled to 
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the power supply ground, while the drain of transistor Q4 is coupled 
to the positive power supply voltage through the series combination 
of resistor R8 and inductor LI. The anode of diode DIO is connected to 
the drain of transistor Q4, while the cathode of diode DIO is coupled to 
capacitor CI. The series combination of diode DIG and capacitor CI is 
coupled in parallel with inductor LI. The common node between 
diode DIO and capacitor CI forms the output node of boost switching 
converter 1, the voltage of which is designated VLED and corresponds 
to the forward voltage of the currently enabled LED. 

Protection circuit 3 includes Zener diode D9 and resistor R9. 
Diode D9 is coupled in parallel with capacitor CI with its cathode 
connected to the output, (VLED) node of boost switching converter 1. 
Resistor R9 is coupled between the VLED node and the connected 
anodes of the red, green, and blue LEDs. Resistor R9 provides peak 
current limiting to the LEDs Dll, D12 and D13. Diode D9 protects 
boost switching converter 1 in the event that one or more of the red, 
green, and blue LEDs is open circuited. 

Operation of the circuit of Figure 4 will now be described with 
reference to both Figures 4 and 5. The PWM drive signal drives the 
gate of transistor Q4. The PWM drive signal is time-variant from 0-to- 
Vj volts when active and is steady-state at 0 volts when not active. 
Transistor Q4 is turned on when the PWM drive signal is on and off 
when the PWM drive signal is off. For purposes of this description, 
the PWM drive signal is said to be "on" when, in its active state, the 
PWM drive signal is at (or substantially close to) and is said to be 
"off" when, during either its active or inactive state, the PWM drive 
sigruil is at (or substantially close to) 0 volts. When Q4 is turned on, 
the current through inductor LI increases with time. When Q4 is 
subseqtjientiy turned off (the PWM drive signal goes low), the voltage 
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across inductor LI will "flyback" to a voltage which is greater than the 
positive supply voltage. The flyback voltage across LI will charge 
capacitor CI through diode DIO. The energy stored in inductor LI is a 
function of the on time of Q4 and, hence, the energy transferred is a 
function of the on-time and frequency of PWM drive signal, as well as 
the supply voltage and inductance of LL 

Referring to Figure 5, during a frame of duration T, (the time 
between vertical S)aichroni2ation pulses), transistors Q5, Q6 and Q7 
are sequentially turned on and off by the red, green, and blue enable 
signals, respectively, to enable the red, green, and blue LEDs, 
respectively. The red, green and blue enable signals vary between 0 
volts when not asserted and Vj when asserted. The PWM drive signal 
is active concurrently with assertion of the red, green, and blue enable 
signals for time intervals of duration Tj within the frame. Within 
each frame, the on-time of the PWM drive signal is selected to be 
different for each of the red, green, and blue LEDs. To provide the 
appropriate power (i.e., brightness) for each LED, which is different for 
each LED, the PWM drive signal has a different amount of on-time for 
each LED. Thus, the color balance of the pixel or illumination source 
can be adjusted by setting the on-time of the PWM drive signal 
appropriately for each LED, while the overall brightness of the pixel or 
illumination source can be adjusted by appropriately setting the 
frequency of the PWM drive signal. The frequency of the PWM drive 
is assumed to be the same for all three LEDs. Consequently, the 
overall brightness of the pixel or illumination source can be adjusted 
without affecting the color balance. Within each frame, the forward 
LED voltage (VLED) will have values in the range from (i.e., when 
no LED is activated) to V3 (i.e., when the blue LED is activated). Note 
that V3 may be greater than or less than the positive supply voltage; 
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hence, the forward voltage VLED may be greater than the supply 
voltage. 

It will be recognized that, for a given on-time and frequency of 
the PWM drive signal and supply voltage, the circuit of Figure 4 
provides constant power to each LED, independent of the LED forward 
voltage. The output power is given by equation (1). 



I Su pply Voltage . Q4 On-Time ] 
^^^^^ 1 LI 

Output Power = j " 



Q4 Frequency 



{Supply Voltage *Q4 On-Time|>Q4 Frequency 
2 -LI 

If the supply voltage changes, the power to the red, green, and 
blue LEDs will change by the same ratio. Consequently, while the 
overall brightness of the pixel or illumination source may change if 
the supply voltage changes, the balance of red, green, and blue 
illumination will remain constant. In addition, the circuit of Figures 
3 and 4 will drive the LEDs using essentially any supply voltage, 
provided enough voltage is available to switch transistor Q4 on and 
off. In low voltage applications, a very low power charge pump can be 
used to achieve the required PWM drive signal level needed to switch 
Q4. Further, by connecting the cathodes of the red, green, and blue^ 
LEDs to the positive supply voltage, the LED forward voltages can be 
greater than or less than the positive supply voltage. Further, the 
drive circuit of the present invention generally provides greater 
power efficiency than prior art drive circuits. 
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The following are component and parameter values associated 
with Figures 4 and 5 for one particular embodiment of the present 
invention: Vj (enable signals) is 12 volts, and (PWM drive signal) 
is 5 volts; the PWM drive signal has a nominal on-time of 1 ^isec for 
the red LED, 2 jxsec for the green LED, and 2.5 jxsec for the blue LED and 
a nominal frequency of 200 KHz; resistor R8 is 0.20 £2, 0.25 watts; 
resistor R9 is 1 0,5 watts; resistor RIO is 22 Q; capacitor CI is a 1.0 \iP, 
16 volt ceramic capacitor; capacitor C2 is a 47|xF 10 volt low ESR 
capacitor; inductor LI is 47p.H, 450 mA peak current; diode DIO is a 
1N5819 Schottky diode; diode D9 is a 12 volt, 500 mW Zener diode; 
transistor Q4 is an NDS355AN 30 volt NFET; and, transistors Q5, Q6 
and Q7 are NDS351AN NFETs. LEDs Oil, D12 and D13 are provided 
by a single Nichia NSCM310A package. 

The circuits of Figures 3 and 4 are common anode circuits, as 
noted above. In alternative embodiments, the LED drive circuit may 
be a common cathode circuit, an example of which is illustrated in 
Figure 6. The illustrated common cathode circuit is substantially 
identical to the common anode circuit, however, LEDs Dll, D12, and 
D13 have their cathodes coupled together and to resistor R8. Also, 
NFETs Q5, Q6 and Q7 have been replaced with p-channel FETs (PFETs) 
Q8, Q9, and QIO, respectively, each of which has its drain connected to 
the anode of the corresponding LED and its source connected to 
resistor R9. In one embodiment, PFETs Q8, Q9 and QIO are NDS352AP 
PFETs. 

In certain embodiments of the drive circuit, a flyback 
transformer switching converter may be used instead of a boost 
switching converter. Such embodiments may be used for emissive 
displays or illumination sources that can be optically coupled or 
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projected onto an array of reflective or transmissive pixels forming a 
display. Such ennbodiments may operate based upon the general 
principles described above. Figure 7 illustrates one embodiment of a 
drive circuit using a flyback transformer switching converter. As 
shown, flyback transformer LIO is used in place of conductor LI 
(Figure 4). Although Figure 7 shows a common-anode configuration, 
a common-cathode embodiment of the flyback transformer switching 
converter circuit can be easily constructed using the techniques 
described above in connection with Figure 6. 

Some embodiments of the drive circuit may have a single- 
ended primary inductor converter (SEPIC) configuration. A SEPIC 
topology may be useful to reduce the input ripple current to the 
converter, providing a quieter circuit. An example of such an 
embodiment can be achieved by modifying the circuit of Figure 7 
(common-anode configuration) to add a capacitor between the anode 
of diode DIO and the drain of transistor Q4. A common-cathode SEPIC 
embodiment may be easily constructed in like manner. 

Figure 8 illustrates an emissive temporal (i.e., time-sequential) 
array embodiment of a drive circuit that is responsive to a PWM drive 
signal. As shown, color LEDs D18 through D53 are arranged in an 
array of rows and columns. In the illustrated embodiment, each 
column includes LEDs of a single color; the array includes six columns 
and six rows, with each row including two sets of red, green, and blue 
LEDs. Note, however, that the illustrated embodiment is only one 
example of an emissive array that can be expanded to include 
essentially any number of LEDs, as necessary. Row enable NFETs Q19 
through Q24 are provided to enable the rows. The LEDs of each row 
have their cathodes connected to the drain of the row enable NFET for 
that row. The sources of row enable NFETs Q19 through Q24 are 
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coupled together and to the node which connects resistor R8 to 
capacitor C2. The gates of row enable NFETs Q19 through Q24 are each 
coupled to a separate row enable signal. 

Column enable PFETs Q13 through Q18 are provided to enable 
each column of the array. The LEDs of each column have their 
anodes coupled to the source of the column enable PFET for that 
column. The drains of coliinm enable PFETs Q13 through Ql8 are 
connected to resistor R9. The gates of column enable PFETs Q13 
through Q18 are each coupled to a separate column enable signal. 

Using combinations of the configurations described above, the 
above techniques can also be applied to a spatial (rather than 
temporal) array of emissive sources, such as LEDs, fluorescent sources, 
electro-luminescent sources, plasma- luminescent sources, etc. Thus, 
Figure 16 shows an embodiment that demonstrates the ability to drive 
emissive pixel elements or illumination sources simultaneously 
rather than sequentially. In particular. Figure 16 illustrates an 
enussive LED spatial array 25 driven by three switching drive circuits 
21, 22, and 23, for the red, green, and blue color components, 
respectively. The drive circuits 21, 22, and 23 may be of the above- 
described boost, flyback, or SEPIC switching converters, that are 
responsive to PWM drive signals. As shown, pixels comprising red, 
green, and blue LEDs are arranged in an eight-by-eight-array. Note, 
however, that the illustrated embodiment is only one example of an 
emissive LED spatial array, which can be expanded as desired to 
include essentially any number of LEDs or other color emissive 
sources. The drive circuits 21, 22, and 23 provide their outputs to 
columns electors 27, which select the appropriate columns of the LED 
array 25 in response to those outputs and a column address. A row 
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seiector 29 receives a row address to select the appropriate rows of the 
LED rate 25. 

Yet another application of the present invention is in a 
projection-based display system, such as one which uses a high 
intensity discharge (HID) lamp, or arc lamp, as an illumination source. 
Such a system may include a spinning a color wheel disposed 
somewhere between the illvimiiuition source and the user to achieve 
time sequential color display. Figures 10 through 13 illustrate four 
embodiments for such an application. 

Figure 10 shows a drive circuit for a direct current (DC) HID 
lamp, using a flyback configmation. As shown, transistor Q60 is an 
NFET, which performs the same functions as Q4 in the embodiments 
described above. In other embodiments, however, Q60 may be 
replaced by any other suitable type of switching device, such as a PFET 
or an iT\sulated-gate bipolar transistor (IGBT). The gate of Q60 is 
coupled to the PWM drive signal. The source of Q60 is grounded, and 
the drain of Q60 is coupled to the power supply through the primary 
coil of flyback transformer Tl. Coupled in series with die secondary 
coil of transformer Tl are diode D60 and capacitor C6. Lamp starter SI 
is coupled across the capacitor C6, and the DC HID lamp LIO is coupled 
to the output of lamp starter SI. 

Flyback traiisformer Tl is used in place of inductor LI (see 
Figure 4) but in the same maimer that inductor LI is used. That is, 
transformer Tl stores energy when Q60 is turned on and then 
provides that stored energy to lamp LIO when Q60 is turned off. 
Further, transformer Tl increases the supply voltage to an operating 
suitable for the lamp LIO. Lamp starter SI generates a higher voltage 
to ignite the lamp when the lamp is cold. 
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Figtire 11 illustrates a boost configuration of a drive circuit for 
driving a DC HID lamp. The boost configuration is similar to the 
flyback configuration; however, the boost configuration uses an 
inductor L12 rather than a flyback transformer. Inductor L12 is 
coupled between the power supply and the drain of Q60. Also, diode 
D60 is coupled directly to the drain of Q60. 

Figures 12 and 13 illustrate flyback and boost configurations, 
respectively, of a drive circuit for driving an alternating current (AC) 
HID lamp LI 2. The flyback and boost configurations are essentially 
identical to those used for the DC lamp, except that an H bridge driver 
BDl is coupled across the capacitor C7, to convert the DC voltage into 
an AC voltage required by the AC HID Lamp L12. The input of lamp 
starter S2 is coupled to the output of bridge driver BDl, and the AC 
lamp L12 is coupled to the output of lamp starter S2. 

Some embodiments of the PWM drive circuit may employ 
current-mode control of the PWM drive signal. Figure 14 illustrates 
one such embodiment, in which a measurement of the peak inductor 
current Ipeak is used as feedback to control the on-time of the PWM 
drive signal, and thus, the amount of energy stored in the inductor for 
a given pulse. In particular, a feedback measurement of the voltage at 
node 31 is taken, which is representative of the peak inductor current 
Ipeak. This voltage is then applied to one input of a comparator. The 
other input of the comparator receives a predetermined reference 
value that depends upon the color currently being displayed (i.e., in a 
time-sequential color system, there may be a different predetermined 
reference value for each color). The output of the comparator is used 
to control the on/off state of the PWM drive signal, such that the 
PWM drive signal is turned off when the peak current Ipeak 
corresponds to the predetermined reference value. Thus, the peak 
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inductor current determines the amount of energy stored in the 

inductor for given pulse of the PWM drive signal. Note that figure 14 

illustrates a common-anode embodiment. As described above, the 

circuit can be easily reconfigured to a common-cathode configuration. 

If current mode control is used in this manner, then equation 

(1) above is replaced by equation (2), below. 

LI •Ipeak- • Q4 Frequency 
Output Power = — ^ 

Note that in those embodiments described above which do not 
employ current-mode control color balance is independent of power 
supply voltage, although overall brightness may not be. Since the 
human eye is generally less sensitive to variations in overall 
brightness than to variations in color balance, that characteristic may 
be acceptable for many appUcations. However, the use of current- 
mode control, such as illustrated in Figures 14 and 15, allows 
brightness to be independent of the power supply voltage. As with the 
above embodiments, overall brightness can be controlled by adjusting 
the frequency of the PWM drive signal. 

Figure 15 illustrates another embodiment using current-mode 
control (in common-anode configuration), in which the output 
current is used as feedback to achieve constant current through the 
illumination source. In particular, the voltage at node 32 is used in 
the same manner as described in connection with Figure 14 to control 
the on/off state of the PWM drive signal. Note that numerous 
variations upon the embodiments shown in Figures 14 and 15 are 
possible. 

Thus, drive circuits for driving color pixels or illumination 
sources using a variable on-time drive signal have been described. 
Although the present invention has been described with reference to 
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spedfic exemplary embodiments, it will be evident that various 
modifications and changes may be made to these embodiments 
v/ithout departing from the broader spirit and scope of the invention 
as set forth in the claims. Accordingly, the specification and drav^ings 
are to be regarded in an illustrative sense rather than a restrictive 
sense. 
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CLAIMS 

What is claimed is: 



1. A circxiit for operating a pixel of a display device, the pixel capable 
of displaying each of a plurality of colors during each of a plurality of 
frames, the circuit comprising: 

an illumination source; and 

a drive circuit coupled to the illumination source and 
configured to cause activation of the illumination sotirce in response 
to a drive signal, the drive signal having a variable on-time during 
each of the plurality of frames according to which of the plurality of 
colors is to be displayed. 

2. A method according to claim 1, wherein the pixel is capable of 
displaying each of the plurality of colors sequentially during each of 
the plurality of frames in response to activation of the drive signal. 

3. A circuit for controlling a pixel in a display device, the circuit 
comprising: 

a plurality of color elements associated with the pixel, each of 
the color elements for displaying light of a different color; and 

a drive circuit coupled to receive a variable on-time drive signal 
and having an output coupled to each of the color elements, the drive 
circuit causing activation of the color elements during a frame in 
response to activation of the drive signal, the drive signal having a 
different on-time associated with each of the color elements. 
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4. A circuit according to claim 3, wherein the drive circuit causes 
activation of the color elements sequentially during each of a plurality 
of frames in response to activation of the drive signal. 

5. A circuit according to daim 4, wherein the drive signal has a 
different on-time associated with each color element within each 
frame. 

6. A circuit according to daim 3, wherein the drive drcuit is 
configured to provide a constant power to each color elements for a 
given supply voltage. 

7. An apparatus for controlling a display device, the display device 
including a plurality of pixels, each pixel for displaying a plurality of 
colors sequentially during each of a plurality of frames, the apparatus 
comprising: 

an illumination source for providing illumination for at least 
one of the pixels; and 

a drive drcuit coupled to receive a variable on-time drive signal 
and having an output coupled to the illumination source, the drive 
drcuit configured to cause activation of the illununation source 
during a frame in response to activation of the drive signal, wherein 
the on-time of the drive signal is varied during the frame according to 
which of the plurality of colors is to be displayed. 

8. A circuit for controlling a pixel of a time-sequential color based 
display device, the circuit comprising: 

a plurality of color elements assodated with the pixel, each 
color element for providing light of a different color; 



wo 00/51103 



PCTAJSOO/05020 



-22- 

an enable circuit coupled to each of the color elements and to a 
power supply and coupled to receive a plurality of enable signals, the 
enable circuit configured to respond to assertion of each of the enable 
signals during each of a plurality of frames by enabling a 
corresponding one of the color elements; and 

a switching converter coupled to the power supply and coupled 
to receive a variable on-time drive signal the switching converter 
having an output coupled to each of the color elements, the switching 
converter configured to provide power from the power supply at the 
output in response to the drive signal to activate each color element 
that is enabled. 

9. A circuit according to claim 8, wherein the switching converter is a 
boost switching converter. 

10. A circuit according to claim 8, wherein the switching converter is a 
flyback switching converter. 

11 . A circuit according to claim 8, wherein the switching converter 
provides a constant power to each enabled color element, independent 
of a forward voltage of the color element, for a given power supply 
voltage, 

12. A drcuit according to claim 8, wherein a voltage at the output of 
the switching converter rises above the voltage of power supply when 
one of the color elements is powered. 

13. A circuit according to claim 8, wherein the drive signal has a 
differe;nt on-time within each frame for each color element. 
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14. An apparatus for operating a pixel in a color display device, the 
pixel including a plurality of color elements, each of the color 
elements for displaying light of a different color, the apparatus 
comprising: 

means for enabling each of the color elements; and 
means for causing each of the color elements to be activated, 
when enabled, in response to a variable on-time drive signal, the 
variable on-time drive signal having a different on-time associated 
with each color element. 

15. An apparatus according to claim 14, further comprising means for 
using current-mode feedback to control and on/off state of the drive 
signal. 

16. An apparatus according to claim 14, further comprising means for 
providing constant power to each color element. 

17. An apparatus according to claim 14, wherein the display device is a 
time-sequential color based display device, such that each of the color 
elements is for displaying light of a different color in sequence during 
each of a plurality of frames. 

18. An apparatus for operating a color display device including a 
plurality of pixels, each pixel capable of displaying a plurality of colors 
during each of a plurality of frames, the apparatus comprising: 

means for activating a pixel of the plurality of pixels, the pixel 
having a color balance relative to the plurality of colors and having a 
brightness; and 
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means for varying the brightness of the pixel without affecting 
the color balance of the pixel. 

19. An apparatus according to claim 18, wherein the means for 
activating the pixel comprises means for generating a drive signal to 
activate the pixel during each of the frames, such that the drive signal 
has a variable on-time within each of the frames. 

20. An apparatus according to claim 19, wherein the means for 
varying the brightness of the pixel comprises varying the frequency of 
the drive signal. 

21. A circuit for controlling a pixel in a time-sequential color based 
display device, the circuit comprising: 

a plurality of color elements associated with the pixel, each 
color element for displaying light of a different color; 

a plurality of transistors, one for each of the color elements, 
each of the plurality of transistors having a source-to-drain path 
coupled in series with a corresponding one of the color elements 
between a power supply node and an output node, each of the 
plurality of transistors further having a gate coupled to a separate one 
of a plurality of enable signals, each enable signal for enabling the 
corresponding color element during each frame; and 
a switching converter including: 

an energy storage device having a first node coupled to 
receive a supply voltage; 

a drive transistor having a source-to-drain path coupled 
in series between a second node of the energy storage device and a 
power aupply reference voltage, the drive transistor further having a 
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gate coupled to a drive signal, the drive signal for causing activation of 
each of the plurality of color elements during each of a plurality of 
frames; 

a diode; and 

a capacitor coupled in series with the diode, the series 
combination of the capacitor and the diode coupled in parallel with 
the energy storage device, a common node between the capacitor and 
the diode forming the output node. 

22. A circuit according to claim 21, wherein the switching converter 
comprises a boost switching converter. 

23. A circuit according to claim 21, wherein the switching converter 
comprises a flyback switching converter. 

24. A circuit according to claim 21, wherein the drive signal has a 
different on-time associated with each of the plurality of color 
elements within each frame. 

25. A method of operating a color display device including a plurality 
of pixels, each pixel capable of displaying a plurality of colors during 
each of a plurality of frames, the method comprising: 

activating a pixel of the plurality of pixels, the pixel having a 
color balance relative to the plurality of colors and having a 
brightness; and 

varying the brightness of the pixel without affecting the color 
balance of the pixel. 
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26. A method according to claim 25, wherein activating the pixel 
comprises generating a drive signal to activate the pixel during each of 
the frames, such that the drive signal has a variable on-time within 
each of the frames. 

27. A method according to claim 26, wherein varying the brightness of 
the pixel comprises varying the frequency of the drive signal. 

28- A method of operating a color display device, the display device 
including a pixel capable of displaying a plurality of colors during each 
of a plurality of frames, the method comprising: 

generating a drive signal to activate the pixel during each of the 
frames; and 

varying the on-time of the drive signal within each of the 
frames according to which of the plurality of colors is displayed by the 
pixel. 

29. A method according to claim 28, further comprising using current- 
mode feedback to control an on/ off state of the drive signal. 

30. A method according to claim 28, wherein varying the on-time of 
the drive signal within each of the frames comprises varying the on- 
time to select a brightness for each of the plurality of colors within 
each of the frames. 

31. A method according to claim 28, harther comprising varying an 
overall brightness of the pixel while maintaining a constant color 
balance of the pixel by varying a frequency of the drive signal. 
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32. A method according to claim 28, wherein the pixel is capable of 
displaying the plurality of colors sequentially during each of a 
plurality of frames, wherein said generating the drive signal 
comprises varying the on-time of the drive signal during each of the 
frames to vary the brightness of each of the illumination source 
according to which of the plurality of colors is to be displayed. 

33. A method according to claim 28, wherein said varying the on-time 
of the drive signal comprises varying the on-time of the drive signal 
to control the color balance of the pixel. 

34. A method according to claim 28, further comprising selecting a 
frequency of the drive signal to control the brightness of the pixel. 

35- A method of controlling the color balance of a pixel in a time- 
sequential color based display device, the pixel including a plurality of 
color elements, each of the color elements for emitting light of a 
different color in sequence during a display frame, the method 
comprising: 

enabling each of the color elements in sequence, each for a 
separate time interval, during a display frame; 

using a periodic drive signal to power an enabled one of the 
color elements during each said time interval during the display 
frame; 

selecting the on-time of the drive signal for each said time 
interval according to which of the color elements is to be enabled, to 
control the color balance of the pixel. 
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36. A method according to claim 35, wherein selecting the on-time of 
the drive signal comprises selecting a on-time independently for each 
color element. 

37. A method according to claim 35, further comprising selecting the 
frequency of the drive signal to control the brightness of the pixel. 

38. A method of operating a Ught emitting diode (LED), the method 
comprising: 

operating a power supply, the power supply outputting a power 
supply voltage; and 

providing a forward voltage to the LED based on the power 
supply voltage to activate the LED, wherein the forward voltage is 
greater than the power supply voltage. 

39. A method of operating a color display device including a plurality 
of pixels, each pixel capable of displaying a plurality of colors during 
each of a plurality of frames, the method comprising: 

activating a pixel of the plurality of pixels, the pixel having a 
color balance relative to the plurality of colors and having a 
brightness; and 

varying the brightness of the pixel without affecting the color 
balance of the pixel. 

40. A method according to claim 39, wherein activating the pixel 
comprises generating a drive signal to activate the pixel during each of 
the frames, such that the drive signal has a variable on-time within 
each of the frames. 
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41. A method according to claim 40, wherein varying the brightness of 
the pixel comprises varying the frequency of the drive signal. 

42. A method of operating a color display device, the display device 
including a pixel capable of displaying a plurality of colors during each 
of a plurality of frames, the method comprising: 

providing power from a power supply to activate the pixel; and 
controlling the brightness of the pixel such that said brightness 
is independent of variations in the power supply using a variable on- 
time drive signal. 
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